Introduction {#sec1-0271678X19874643}
============

Positron emission tomography (PET) with ^15^O-labelled water (^15^O-H~2~O) for measurement of regional cerebral blood flow (rCBF) is a well-established technique and often considered the reference method for absolute quantitative physiological measurements.^[@bibr1-0271678X19874643]^ In over 30 years of research, ^15^O-H~2~O PET has proven its usefulness in physiologic experiments and for clinical investigational purposes.^[@bibr2-0271678X19874643],[@bibr3-0271678X19874643]^ It is, however, a costly, technically demanding and invasive technique, only accessible in highly specialized centers. Although still a magnetic resonance imaging (MRI) technique under development, arterial spin labeling (ASL), could provide radiation-free, quantitative and non-invasive rCBF imaging. ASL has been used in the study of brain physiology and can, under optimal conditions, provide results of global (gCBF) and regional CBF comparable to those of the generally accepted reference methods^[@bibr4-0271678X19874643]^ and has been reported to provide clinically relevant information in the study of dementias,^[@bibr5-0271678X19874643]^ epilepsy^[@bibr6-0271678X19874643]^ and cerebrovascular diseases.^[@bibr7-0271678X19874643]^

Over the past 10 years, a number of studies have compared the two techniques in healthy and diseased individuals using a range of ASL techniques.^[@bibr8-0271678X19874643]--[@bibr17-0271678X19874643]^ The quantitative correlation varies substantially and appears to decrease with the time interval between sequential PET and MRI scan sessions as described in a recent systematic revision analyzing the existing literature comparing the two techniques.^[@bibr18-0271678X19874643]^ The introduction of commercial hybrid PET/MRI scanners has enabled simultaneous ^15^O-H~2~O PET and ASL MRI measurements under identical conditions, thereby abolishing key sources of physiological variability in the comparison during rest and acutely altered physiological states. However, in our experience, even after implementing and testing a sufficiently robust ASL sequence and post-processing pipeline, the added complexity of simultaneity and the physical constrains of the PET/MRI scanner environment itself may inhibit effective use of this advantage.^[@bibr19-0271678X19874643],[@bibr20-0271678X19874643]^ Thus, previous studies comparing simultaneously acquired ASL MRI and ^15^O-H~2~O PET have been published up to date are scarce. Zhang et al.^[@bibr8-0271678X19874643]^ compared resting CBF in healthy individuals using rCBF maps obtained by ASL scaled by global CBF measured by phase contrast mapping (PCM) MRI in a prototype hybrid scanner. Later, Andersen et al.^[@bibr19-0271678X19874643],[@bibr20-0271678X19874643]^ performed simultaneous ^15^O-H~2~O PET and ASL MRI measurements in newborn piglets, and in non-sedated newborn infants. Fan et al.^[@bibr17-0271678X19874643]^ compared rCBF in rest and after acetazolamide (ACZ) in patients with Moya-Moya disease, but as arterial blood sampling required for quantification of ^15^O-H~2~O PET was not performed, only relative rCBF was compared. Lastly, Okazawa et al.^[@bibr21-0271678X19874643]^ performed simultaneous ^15^O-H~2~O PET and ASL MRI measurements in resting state, but in the absence of arterial blood samples for quantification, an image-derived input function (IDIF) method was used to assess the input function. Fully quantitative ASL needs to be validated with fully quantitative ^15^O-H~2~O PET in different perfusion states if assessment of physiologic changes, such as the cerebrovascular reactivity, is of interest.^[@bibr22-0271678X19874643]^

The aim of this study was to compare multiple paired fully quantitative and simultaneous ASL MRI and ^15^O-H~2~O PET measurements of rCBF by repetitive tracer injections in the resting state and during hypo- and hyper-perfusion in healthy young volunteers using a hybrid PET/MRI scanner.

Material and methods {#sec2-0271678X19874643}
====================

Fourteen healthy young males (mean age 23.9 ± 2 years, range 21--28 years) were enrolled in the study. Inclusion criteria were: healthy males between 18 and 35 years old. Exclusion criteria were: contraindications to MRI or arterial cannulation, a medical history of prior or current neurological or psychiatric disease, or severe head trauma.

The study was approved by the Danish National Committee of Health Research Ethics (H-16023156) and was conducted according to the Declaration of Helsinki II. Written informed consent was obtained from all participants.

Experimental setup {#sec3-0271678X19874643}
------------------

Details of the experimental setup have been published previously along with results of comparative global CBF measurements by phase contrast MRI and ^15^O-H~2~O PET.^[@bibr23-0271678X19874643]^ In short, subjects were scanned twice in resting state, twice during hyperventilation (24 respirations/min) and twice after ACZ (minimum 20 min after intravenous administration of ACZ 15--20 mg/kg, Diamox, Mercury Pharmaceuticals, London, UK) in the mentioned order. Each scan consisted of a simultaneous ^15^O-H~2~O PET and ASL MRI measurement. All PET and MRI imaging were obtained on a 3T Siemens Biograph mMR hybrid PET/MRI system (Siemens Healthcare, Erlangen Germany) within a single scanning session lasting approximately 2.5 h (see Supplementary Material S1).

The PET/MRI experiment was followed by a low dose CT (120 kV, 30 mAs, 5-mm slice width), performed in a PET/CT scanner (Siemens Biograph, Siemens, Erlangen, Germany), used for attenuation correction of the PET images.^[@bibr24-0271678X19874643]^

Continuous arterial blood sampling was obtained from a catheter placed in the radial artery of the non-dominant hand. Radiotracer and ACZ were administered through a catheter placed in the median cubital vein of the contralateral forearm. Arterial blood samples for blood gases, pH, and hematocrit were obtained 4 min after the initiation of the PET measurement, approximately half way through the ASL acquisition, and were analyzed in a Radiometer ABL800 Flex system (Radiometer, Copenhagen, Denmark).

Magnetic resonance imaging {#sec4-0271678X19874643}
--------------------------

A 16-channel mMR head and neck coil designed by the vendor to minimize attenuation of the PET signal was used for all MRI measurements.

Structural imaging {#sec5-0271678X19874643}
------------------

A 3D T1-weighted magnetization prepared rapid acquisition gradient echo (T1-MPRAGE) was obtained prior to the first CBF measurement with the following acquisition parameters: repetition time (TR) 1900 ms, echo time (TE) 2.44 ms, flip angle 9°, matrix 256 × 256, voxel size 1.0 × 1.0 × 1.0 mm^3^, GRAPPA acceleration factor 2.

T1-weighted images were segmented using Freesurfer (version 6.0, <https://surfer.nmr.mgh.harvard.edu/>) to obtain a whole brain tissue mask including cerebral hemispheres and cerebellum (excluding the ventricular system), both gray and white matter (with a 4 mm erosion to prevent spill-in from gray matter) masks, and eight regional gray matter masks (frontal, parietal, temporal and occipital lobes, cingulate, cerebellum, insula and subcortical gray matter (thalamus and basal ganglia) derived from the Desikan-Killiany Atlas template.^[@bibr25-0271678X19874643]^ The masks were applied to ASL MRI and ^15^O-H~2~O PET CBF parametric maps, previously co-registered to T1-MPRAGE, to obtain gCBF and rCBF from different regions (Supplementary Material, S2).

ASL {#sec6-0271678X19874643}
---

A 2D pseudo continuous ASL (PCASL) was chosen for its high signal-to-noise ratio. To obtain multi post-labeling delay (multi-PLD) data, the sequence was repeated at different PLDs. The labeling plane was placed across the neck 9 cm beneath the center of the imaging slab and the labeling duration was 1800 ms. The acquisition parameters were: 21 slices, TE 12 ms, voxel size 4.0 × 4.0 × 6.0 mm, FoV 256 × 256 mm, TR was adjusted for each PLD in order to keep the scanning time as short as possible. The different PLDs were set at 200, 500, 800, 1100, 1400, 1700 and 2000 ms, acquired in ascending order. Six pairs of labeled-control images were acquired in each PLD. After each ASL scan, a single equilibrium magnetization scan (M0) was acquired with the same parameters as the previously described ASL images except for a 10,000 ms TR. Total scanning time was 7 min.

ASL images were quantified using BASIL in FSL (FMRIB software library, [www.fmrib.ox.ac.uk](www.fmrib.ox.ac.uk)) with the full quantitative modelling described by Buxton.^[@bibr26-0271678X19874643],[@bibr27-0271678X19874643]^ T1 relaxation time was corrected for individual hematocrit, calculated as the average from all the arterial blood samples from each subject.^[@bibr28-0271678X19874643]^ The model fitted also the macrovascular compartment.^[@bibr29-0271678X19874643]^ The initial prior of bolus arrival time was adjusted for the different perfusion states at 1.5 s,1.3 s and 1.1 s for hypo-, resting- and hyper perfusion, respectively, to account for the known changes in blood velocity.^[@bibr23-0271678X19874643]^ ASL data were registered to the T1-MPRAGE scan using the higher contrast of the M0 scan. A global arterial M0 value was calculated from a cerebrospinal fluid (CSF) mask in the ventricles and it was adjusted for the proton density of the CSF.

PET {#sec7-0271678X19874643}
---

For each PET scan, approximately 500 MBq of ^15^O-H~2~O produced in an online system (Automatic Water Injection System, Scansys Laboratorieteknik, Værløse, Denmark) were manually injected as a bolus in the median cubital vein. Emission scans were started at the time of the radiotracer injection and recorded in list mode for 4 min. At least 10 min passed between PET measurements to allow for tracer decay.

PET images were reconstructed into 18 × 5 s, 9 × 10 s, 4 × 15 s frames using 3D-ordered subset expectation maximum (3D OSEM), 4 iterations 21 subsets, 128 × 128 matrix with voxel dimension 2 × 2 × 2 mm and 2 mm Gaussian filter. Attenuation correction was performed using µ-maps generated with a separately acquired low-dose CT scan as previously described.^[@bibr24-0271678X19874643]^

Activity in the arterial blood was sampled at 1 Hz during the scans using an automatic blood sampling system (Swisstrace, Zürich, Switzerland) set to draw 8 mL/min. Flow rate, material, length (50 cm) and diameter (1 mm) of the arterial line were identical to the current clinical and research setup on our brain-dedicated PET scanner. The sampling system clock was synchronized to the scanner acquisition clock for accurate decay correction of the data. The scanner and the blood sampling system were cross-calibrated periodically and no significant variation in the calibration factor during the study period was found. Blood sampling was started approximately 90 s prior to the radiotracer injection and it was stopped 4 min after injection.

Parametric images were generated with the software PMOD 3.304 (PMOD Technologies, Zürich, Switzerland) using a one-tissue two-compartment model with correction for arterial blood volume.^[@bibr30-0271678X19874643],[@bibr31-0271678X19874643]^ The 190 s following tracer injection of the arterial input curves were fitted into the model correcting for delay and dispersion with an exponential kernel.^[@bibr32-0271678X19874643]^ The arterial input curves were initially corrected for dead-time and decay. CBF is reported as the unidirectional clearance of tracer from the blood to the tissue (K1) assuming full extraction of water.

Statistics {#sec8-0271678X19874643}
----------

All images were post-processed using an in-house developed program based on FSL (<https://fsl.fmrib.ox.ac.uk/fsl/fslwiki>) tools. ASL-CBF images were smoothed with a 3 mm full-width half maximum Gaussian filter optimized at a group level to approximately match the PET resolution.

ASL MRI and PET images were rigidly coregistered to each subject's T1-MPRAGE using FSL FLIRT^[@bibr33-0271678X19874643]^ and the different T1-MPRAGE-based masks were applied to obtain global and regional CBF.

To perform the voxel-wise comparison, individual T1-MPRAGE images were warped into the Montreal Neurological Institute (MNI-152) space using FSL FNIRT,^[@bibr34-0271678X19874643]^ and the transformation was applied to the PET and ASL CBF images. The PET and ASL CBF images were then resliced and registered to the T1-MPRAGE data set. The voxel-wise between-technique statistics was performed using a permutation-based paired T-test (randomize FSL) with 5000 permutations. The *p*-value was controlled for multiple comparisons using family-wise error rate.^[@bibr35-0271678X19874643]^

To calculate inter-state CBF differences, only values from subjects with combined measurements in two states (post-ACZ and rest, and/or hyperventilation and rest) were included. Absolute inter-state differences were defined as the difference between each non-resting measurement (post-ACZ or in hyperventilation) and the average of the two resting measurements as follows $$\Delta_{\mathit{abs}}\text{CBF} = \text{CBF}_{\mathit{meas}} - (\mathit{CBF}_{R1} + \mathit{CBF}_{R2})/2$$ where the subscript *meas* refers to the individual measurements in hyperventilation or post-ACZ. Relative interstate changes were defined as the absolute interstate changes over the average of the resting state measurements $$\Delta_{\mathit{rel}}\text{CBF} = \frac{\Delta_{\mathit{abs}}\text{CBF}}{(\mathit{CBF}_{R1} + \mathit{CBF}_{R2})/2}100\%$$

The vascular reactivity to P~a~CO~2~ (CBFR~CO2~) was calculated as the relative interstate change per absolute change in P~a~CO~2~ as follows $$\text{CBFR}_{\text{CO}2} = \Delta_{\mathit{rel}}\text{CBF}\frac{1}{P_{a}\text{CO}_{\mathit{HV}} - P_{a}\text{CO}_{R}}$$

Average differences between states and modalities were investigated using a paired t-test. The reactivity maps ([Figure 4](#fig4-0271678X19874643){ref-type="fig"}) were calculated at a voxel level using the same equations.

The correlations between PET- and ASL-CBF measurements across all subjects were investigated with a two-level linear mixed model in order to take into account that multiple measurements were performed in each subject. ASL-MRI CBF was the dependent variable, and ^15^O-H~2~O PET CBF was entered as fixed effect, subject (µ, level 2) as random effect, and replicate measurement as residual (ɛ, level 1) $$\mathit{CBF}_{\mathit{ASL}} = \beta_{0} + \beta_{1}.\mathit{CBF}_{\mathit{PET}} + \mu + ɛ$$

Identical models were analyzed for each state separately and for inter-state differences. Correlation coefficients (R^2^ values) for all states combined, and for each state were calculated by comparing the sum of variance components in similar two-level variance component models with and without fixed effects.^[@bibr36-0271678X19874643]^ Inter- and intrasubject variability (coefficient of variation) was calculated for each state as the standard deviations of the random and residual effects, respectively, in the same model divided by the population mean.

A two-sided *p* \< 0.05 was considered statistically significant for all statistical tests performed.

Results {#sec9-0271678X19874643}
=======

Four scanning sessions were terminated prematurely either as a decision of the volunteer (*n* = 1) or due to arterial line clotting (*n* = 3) and two sessions were shortened due to time constrains. Finally, a single outlying resting state measurement was excluded as the ^15^O-H~2~O PET CBF value was more than three standard deviations from the population mean. In total, 63 paired and simultaneous ^15^O-H~2~O PET and ASL MRI CBF measurements were available for analysis in 14 subjects; 26 measurements in all 14 subjects in resting state, 18 measurements in 10 subjects during hyperventilation and 19 measurements in 10 subjects after ACZ.

Physiological measurements in the three different states are described in the Supplementary Material S3. In short, hyperventilation significantly decreased P~a~CO~2~ and increased heart rate, pH and P~a~O~2~; additionally, a reduction of 0.6 kPa in the average P~a~CO~2~ in the second measurement compared to the first was observed. After the administration of ACZ, a small, but significant decrease in P~a~CO~2~ was observed along with a slight, but non-significant, increase in the respiratory rate.

The ranges of fitted delay and dispersion values of the ^15^O-H~2~O input function were 9--15 s and 5--6 s, respectively, comparable to those we obtain using our research setup on a brain-dedicated PET scanner.^[@bibr37-0271678X19874643]^

Examples of CBF maps from a single subject obtained by ^15^O-H~2~O PET and ASL MRI in each state together with T1-MPRAGE can be found in Supplementary Material S4.

Global CBF {#sec10-0271678X19874643}
----------

Averaged values of global, white and gray matter CBF assessed by ASL MRI and ^15^O-H~2~O PET in the three different perfusion states and the average absolute and relative differences between them are summarized in [Table 1](#table1-0271678X19874643){ref-type="table"}. No significant differences were found between the averaged global, gray or white matter CBF, or in the average absolute or relative perfusion changes between the different states between ASL MRI and ^15^O-H~2~O PET. Intersubject and intrasubject variability for ^15^O-H~2~O PET and ASL MRI gCBF measurements is also shown in [Table 1](#table1-0271678X19874643){ref-type="table"}. Table 1.Averaged global, gray matter and white matter cerebral blood flow (ml/100 g/min) assessed by ^15^O-H~2~O PET and ASL MRI.Hyperventilation (*n* = 26)Rest (*n* = 18)After-acetazolamide (*n* = 19)PETASLPETASLPETASLgCBF (mL/100 g/min)24.5 ± 5.123.4 ± 4.840.0 ± 6.540.6 ± 4.159.0 ± 10.461.7 ± 10.0 Δ~abs~ gCBF (mL/100 g/min)−14.5 ± 3.1−17.0 ± 5.1----19.7 ± 9.120.1 ± 7.7 Δ~rel~ gCBF (%)−37.3 ± 7.3−41.9 ± 11.7----51.4 ± 24.448.0 ± 17.2 Intra-subject variability (%)^[a](#table-fn1-0271678X19874643){ref-type="table-fn"}^7.814.97.15.17.36.0 Inter-subject variability (%)^[a](#table-fn1-0271678X19874643){ref-type="table-fn"}^20.614.914.78.616.215.2GM CBF (mL/100 g/min)27.5 ± 5.826.0 ± 5.644.8 ± 7.644.6 ± 4.566.7 ± 12.067.8 ± 10.4 Δ~abs~ GM CBF (mL/100 g/min)−16.3 ± 3.7−18.7 ± 5.7----22.5 ± 10.321.9 ± 8.1 Δ~rel~ GM CBF (%)−37.4 ± 7.3−41.7 ± 12.4----52.4 ± 24.547.5 ± 16.7WM CBF (mL/100 g/min)9.7 ± 1.99.5 ± 3.715.9 ± 2.715.4 ± 4.421.9 ± 3.721.8 ± 6.1 Δ~abs~ WM CBF (mL/100 g/min)−5.5 ± 1.6−5.7 ± 3.7----6.5 ± 3.65.9 ± 4.4 Δ~rel~ WM CBF (%)−36.0 ± 8.5−36.7 ± 19.2----43.9 ± 24.839.2 ± 34.1[^2]

Overall, a highly significant positive correlation of ASL MRI with ^15^O-H~2~O PET across all states was observed in the measurements of global and gray and white matter perfusion ([Table 2](#table2-0271678X19874643){ref-type="table"}, [Figure 1](#fig1-0271678X19874643){ref-type="fig"} and Supplementary Material S5). Within each state, the correlation between methods was generally poor, but statistically significant for global and gray matter CBF. The estimate of the regression slope in each state tended to be lower than the overall estimate. Figure 1.Correlation of gCBF measurements by ^15^O-H~2~O PET and ASL MRI.Scatter plot of global cerebral blood flow (gCBF) measured by ^15^O-H~2~O PET and ASL MRI (a) and Bland--Altman plot showing the difference between the two methods against mean of the methods (b). In red, measurements during hyperventilation, in blue measurements in rest and in green measurements after acetazolamide. Orange line shows the modelled linear fit across all states and black lines the linear fit in each state from the model. In the scatter plots, grey line indicates the line of identity and in the Bland--Altman plots, solid black line indicates the average of the differences (bias) and the dashed lines the upper and lower limits of agreement (bias ± 2 SD). Table 2.Correlation between CBF measurements and cerebral reactivity measured by ASL and PET.Whole brainGray matterWhite matterslope \[95% CI\]R^[@bibr2-0271678X19874643]^*p*-valueslope \[95% CI\]R^[@bibr2-0271678X19874643]^*p*-valueslope \[95% CI\]R^[@bibr2-0271678X19874643]^*p*-valueAbsolute CBF All states1.01 \[0.92--1.10\]0.82\<0.0010.96 \[0.87--1.05\]0.81\<0.0010.88 \[0.70--1.06\]0.51\<0.001 Rest0.26 \[0.03--0.49\]0.050.0300.22 \[0.04--0.39\]0.100.0210.54 \[0.14--0.95\]0.050.056 HV0.73 \[0.32--1.15\]0.470.0030.66 \[0.25--1.07\]0.390.0050.04 \[−0.80--0.89\]0.010.912 Post-ACZ0.55 \[0.44--0.66\]0.37\<0.0010.53 \[0.44--0.62\]0.34\<0.0010.30 \[−0.56--1.17\]0.130.448Absolute reactivity HV -- rest0.43 \[−0.41--1.28\]0.120.2710.07 \[−0.47--0.61\]0.000.7780.32 \[−0.70--0.76\]0.020.929 Post-ACZ -- rest0.49 \[0.32--0.66\]0.26\<0.0010.49 \[0.33--0.65\]0.23\<0.001−0.05 \[−0.67--0.56\]0.010.848Relative reactivity HV -- rest0.80 \[0.03--1.58\]0.040.0430.62 \[−0.10--1.33\]0.110.083−0.10 \[−1.03--0.83\]0.000.809 Post-ACZ -- rest0.40 \[0.18--0.63\]0.20.0030.10 \[0.18--0.63\]0.190.003−0.34 \[−1.04--0.35\]0.000.291[^3][^4]

Voxel- and VOI-wise analysis {#sec11-0271678X19874643}
----------------------------

Averaged CBF maps assessed by ^15^O-H~2~O PET and ASL MRI in each state and the statistical significant differences between the two techniques are shown in [Figure 2](#fig1-0271678X19874643){ref-type="fig"}. The images from the two techniques show an overall strong resemblance. However, at rest, ASL MRI yielded significantly lower perfusion than ^15^O-H~2~O PET in the inferior temporal cortex, in the orbitofrontal cortex and in the cerebellum, whereas it yielded higher perfusion in the cingulate and in highly vascularized structures, e.g. insula. During hyperventilation, the aforementioned findings were reduced in extension and magnitude, but the ASL MRI images further showed significantly lower perfusion in the occipital lobe and in the prefrontal region. The findings of the voxel-wise analysis were confirmed in the VOI-based analysis ([Table 3](#table3-0271678X19874643){ref-type="table"}). Averaged maps for arterial transit times (ATT) in the different perfusion states obtained with ASL MRI are shown in Supplementary Material S6. Table 3.Regional absolute CBF assessed by ^15^O-H~2~O PET and ASL MRI.HyperventilationRestPost-acetazolamidePETASLPETASLPETASLFrontal lobe29.0 ± 6.126.3 ± 5.5^a^47.3 ± 8.344.2 ± 4.669.4 ± 17.766.6 ± 8.7Parietal lobe27.1 ± 5.726.7 ± 7.943.2 ± 7.746.5 ± 5.465.0 ± 11.871.0 ± 11.4Temporal lobe24.9 ± 5.323.2 ± 4.641.3 ± 6.940.6 ± 4.861.8 ± 10.960.3 ± 10.4Occipital lobe28.4 ± 6.723.9 ± 7.0^a^43.1 ± 7.842.9 ± 7.467.1 ± 13.771.0 ± 17.1Cingulate28.5 ± 6.535.8 ± 7.8^a^49.6 ± 8.957.6 ± 7.4^a^72.5 ± 13.489.8 ± 12.6^a^Cerebellum25.5 ± 5.119.5 ± 5.2^a^43.4 ± 6.339.3 ± 6.2^a^66.1 ± 13.665.7 ± 16.4Insula28.6 ± 5.932.4 ± 5.1^a^47.9 ± 8.454.2 ± 5.5^a^69.0 ± 12.877.5 ± 10.2^a^Subcortical GM29.0 ± 5.627.7 ± 5.147.1 ± 7.644.8 ± 5.469.1 ± 13.969.2 ± 10.6[^5]

Across regions, the slope of the regression line between the two techniques ranged from 0.87 to 1.14 with an R^2^ above 0.76 in all cases. Scatter and Bland--Altman plots for individual regions are provided in Supplementary Material S7.

Reactivity {#sec12-0271678X19874643}
----------

The correlation of ASL MRI with ^15^O-H~2~O PET for quantification of absolute gCBF changes was weak and only statistically significant for post-ACZ changes. The correlation of relative gCBF-changes was slightly poorer, but significant for both ACZ and hyperventilation-induced changes. The correlation was in general stronger for post-ACZ changes compared to hyperventilation-induced changes ([Table 2](#table2-0271678X19874643){ref-type="table"} and [Figure 3](#fig3-0271678X19874643){ref-type="fig"}). The vascular CO~2~ reactivity during hyperventilation assessed by ASL MRI and ^15^O-H~2~O PET was positively correlated ([Figure 3](#fig3-0271678X19874643){ref-type="fig"}), and the average reactivities were not different (20.5 ± 1.7 and 18.6 ± 1.4% per kPa CO~2~ for ASL MRI and ^15^O-H~2~O PET respectively, *p* = 0.23). Figure 2.Average ASL and PET CBF images in different perfusion states and differences between techniques.Average ^15^O-H~2~O PET and ASL MRI perfusion measurements in the different perfusion states. The six columns on the left show average MRI ASL and ^15^O-H~2~O PET images during hyperventilation, in resting state and after acetazolamide. The four right columns show significant differences between the two techniques in each state and in all states combined. The t-value color scale is thresholded at a corrected *P*-value \< 0.05 to show only the significantly different regions. In red-yellow ASL MRI \> ^15^O-H~2~O PET and in blue ASL \< ^15^O-H~2~O PET. Figure 3.Global CBF reactivity. Scatter plots of (a) absolute (Δ~abs~ gCBF) and (b) relative (Δ~rel~ gCBF) between-state changes in global cerebral blood flow measured by ^15^O-H~2~O PET and ASL MRI, and of (c) relative gCBF change per % change of P~a~CO~2~ between hyperventilation and resting state. In blue, gCBF changes between hyperventilation and resting state and in green, changes between resting state and after the administration of acetazolamide. Orange line shows the linear fit from the model and the grey line indicates the line of identity.

[Figure 4](#fig4-0271678X19874643){ref-type="fig"} and Supplementary Material S8 show the method specific regional cerebrovascular reactivity. There was a larger absolute reactivity measured by ASL MRI in cortical areas compared to ^15^O-H~2~O PET. The VOI-based analysis confirmed these results in the parietal lobe, occipital lobe and in the insula for hyperventilation-induced absolute changes, and in the cingulate for the ACZ-induced absolute changes. The relative reactivity parametric images were, in general, more homogeneous across all brain regions. Although the reactivity seemed to be larger for ASL MRI in the occipital lobes and cerebellum both for the ACZ- and hyperventilation-induced changes, they were only significant in the latter. Figure 4.Method specific regional cerebrovascular reactivity. Absolute (a) and relative (b) average reactivity maps between hyperventilation and resting state (blue, for CBF decrease) and post-ACZ and resting state (in red and yellow, for CBF increase) measured by ^15^O-H~2~O PET and ASL MRI.

Discussion {#sec13-0271678X19874643}
==========

The most important contribution of single scan session simultaneous PET and MRI imaging is achieving the best possible matching of physiological parameters known to influence CBF, e.g. arterial blood gasses, pH, hemoglobin, caffeine levels, and sensitivity to ACZ.^[@bibr19-0271678X19874643],[@bibr20-0271678X19874643]^ The present study is unique by obtaining 63 simultaneous and fully quantitative paired ASL MRI and ^15^O-H~2~O PET gCBF measurements with arterial blood sampling in healthy volunteers across different perfusion states in a single imaging session using a hybrid PET/MRI system. The number of observations by far exceeds those obtained in any single study in the existing literature comparing simultaneous ASL MRI CBF and ^15^O-H~2~O PET measurements with arterial blood sampling (all with ≤10 paired measurements),^[@bibr8-0271678X19874643]^ and thus provides the best available data for assessing the accuracy of quantitative ASL MRI against an accepted reference technique.

The study shows a strong correlation between the ASL MRI and ^15^O-H~2~O PET gCBF over a wide range of perfusion values confirming the capability of ASL MRI to provide quantitative CBF measurements, also at lowered and increased perfusion. However, we also found a relatively poor agreement with regard to quantitation of resting gCBF and gCBF changes.

The average gCBF in resting state measured by ASL MRI (40.6 ± 4.1 mL/100 g/min) and by ^15^O-H~2~O PET (40.0 ± 6.5 mL/100 g/min) was not significantly different. Both techniques yielded slightly lower values compared to the generally accepted text book values of resting gCBF around 46--50 mL/100 g/min.^[@bibr39-0271678X19874643],[@bibr40-0271678X19874643]^ They are, however, in good agreement with those reported previously by other authors using the same techniques,^[@bibr9-0271678X19874643]^ as are gray and white matter CBF values,^[@bibr10-0271678X19874643],[@bibr41-0271678X19874643]^ supporting the correct implementation of the techniques. The absolute and relative gCBF increase after the administration of ACZ measured by ASL MRI and by ^15^O-H~2~O PET is also in good agreement with published studies.^[@bibr42-0271678X19874643]--[@bibr44-0271678X19874643]^

Two previous publications have studied fully quantitative PET and PCASL in a comparable population and using similar techniques, although performing measurements on different study days and only acquired single PLD ASL data. Van Golen et al. compared single resting measurements and found, similar to our study, a relatively poor correlation of resting state measurements with a non-significant, although slightly higher, correlation coefficient between gCBF resting measurements (R^2 ^= 0.13 vs. 0.05 in our study) with a very similar slope of the regression line (0.27 vs. 0.26 in our study).^[@bibr37-0271678X19874643]^ Heijtel et al. performed multiple measurements both in rest and during hypercapnia on both study days and found similar to the present study that the correlation improved greatly when including all measurements from both conditions, and found similar to our study a linear regression line close to line of identity (slope 1.0 and R^2 ^= 0.47 vs slope 1.01 and R^2 ^= 0.82 in the present study).^[@bibr10-0271678X19874643]^

Method-imprecision is a possible cause of both the weak correlation between methods and also the lower slope of the regression line (due to attenuation bias) in individual states compared to the overall correlation, and amplified when studying a homogenous population with relatively low interindividual variability, in particular in rest. The greater inter-subject variability of the ^15^O-H~2~O PET compared to ASL MRI ([Table 1](#table1-0271678X19874643){ref-type="table"}) in resting state may further contribute to the lower slope in rest. Intra-subject variability of both methods is similar to what has been reported previously.^[@bibr14-0271678X19874643],[@bibr37-0271678X19874643]^ Based on the estimated intra- and inter-subject variability in resting state, the expected attenuation factors for ^15^O-H~2~O PET and ASL were 0.81 and 0.74, respectively. The expected correlation coefficient (R^2^) between techniques in resting state, accounting for intra- and inter-subject variability was therefore 0.60. Considering the differences between the observed (0.05) and expected (0.60) resting R^2^, we performed a post hoc power calculation. The power for detecting a significant correlation of 0.77 (R^2 ^= 0.60) with a sample size of 14 is 0.95 (two-sided *p* \< 0.05). We can conclude therefore that the poor correlation was not a consequence of an underpowered study, but rather truly poor method correlation at rest. Several factors could introduce subject or measurement specific rCBF quantification errors in both techniques, in particular parameters that are estimated or assumed from literature values (e.g. for ASL labelling efficiency, partition coefficient, and T1 of blood and tissue) or factors that may influence the single measurements (e.g. for ASL head motion, and for PET the quality of the AIF measurement) that would mainly influence smaller within state differences at rest. The better correlation between the two techniques in hypo- and hyperperfusion is most likely explained by the broader range of the gCBF measurements, reducing the impact of the method-imprecision.

The perfusion distribution images obtained with the two techniques showed good resemblance. The regional differences between the two techniques visualized in [Figure 2](#fig2-0271678X19874643){ref-type="fig"} can be explained by well-known methodological ASL MRI limitations. The lower ASL MRI rCBF in the orbitofrontal cortex, the inferior temporal lobes, cerebellum and the cranial base is related to susceptibility-induced artifacts affecting areas close to air and bone interface when using an echo-planar readout,^[@bibr10-0271678X19874643]^ while the higher rCBF in highly vascularized regions and in the cingulate probably corresponds to residual vascular signal that cannot be estimated in the kinetic model due to the delayed read out.^[@bibr9-0271678X19874643],[@bibr10-0271678X19874643]^ The vascular signal could have been lowered with the application of vascular crushing at the expense of a prolonged acquisition time.^[@bibr38-0271678X19874643]^ The change in the distribution of the ASL MRI and ^15^O-H~2~O PET perfusion differences during hyperventilation is probably caused by better identification of the macrovascular compartment as a consequence of the higher signal in the vessels due to the longer arterial transit time. We did not observe hypoperfusion in the basal ganglia on ASL MRI compared to ^15^O-H~2~O PET as previously described by Heijtel et al.^[@bibr10-0271678X19874643]^ probably because of methodological difference in the ASL sequence implementation and post-processing, such as the use of a multi versus fixed post-labelling delay approaches.

Quantification of cerebrovascular reactivity is an important application of quantitative CBF measurements and, in particular, in the assessment of vascular reserve by the ACZ challenge.^[@bibr46-0271678X19874643]^ The average gCBF increase assessed by ASL MRI and ^15^O-H~2~O PET during the ACZ challenge was not different. The correlation between the assessment of gCBF changes was significant, but relatively weak (R^2 ^= 0.26 and R^2 ^= 0.20 for absolute and relative reactivity, respectively), with a regression line slope just below 0.5, probably as a consequence of the attenuation bias due to method imprecision. Average CO~2~ reactivity measured by ^15^O-H~2~O PET and ASL MRI were not different and were both within the range of previously published results,^[@bibr47-0271678X19874643]^ and also the correlation between methods was significant although modest (R^2 ^= 0.29). The high absolute reactivity in the cingulate between hyperperfusion (achieved by hypercapnia) and resting state observed in ASL MRI images was also observed by Zhou et al.^[@bibr48-0271678X19874643]^ (cerebellum was not shown). In the study Heijtel et al.,^[@bibr10-0271678X19874643]^ higher relative reactivity was found in the lower and posterior parts of the brain (cerebellum was not studied) in ASL MRI compared to ^15^O-H~2~O PET. Hence, caution is advised when using PCASL for reactivity studies, and further evaluation is needed. The single PLD PCASL approach applied in most previous studies requires a careful and accurate selection of the PLD to be longer than the longest regional ATT in order to avoid signal loss.^[@bibr38-0271678X19874643]^ So although a single PLD scan may be a valid approach in many cases, clinical use may be compromised by artificially induced low rCBF in brain regions with unusually long ATT caused by old age or pathology. The multi PLD PCASL approach used in this study should provide a more robust rCBF estimate by modelling a wider range of ATTs,^[@bibr38-0271678X19874643]^ allowing for a single scanning protocol suitable for all perfusion states, although at the expense of poorer SNR and longer acquisition time. The greater intra-subject variability of ASL MRI compared to PET in hyperventilation might reflect a combination of a greater sensitivity to long ATT from ASL, even with the multi PLD approach used, and to head motion.

Using ^15^O-H~2~O PET, CBF might be underestimated, especially during hyperperfusion, due to the flow-dependent limitation on water extraction across the blood--brain barrier (approximately 0.85 at resting CBF values) when quantifying CBF from ^15^O-H~2~O PET using the unidirectional clearance rate constant, *K*~1~, of a one-tissue two-compartment model.^[@bibr45-0271678X19874643]^ However, as the signal in ASL MRI and ^15^O-H~2~O PET CBF reflects the physiological properties of water transport in the brain, the correlation is retained across states, as opposed to other MRI techniques to measure CBF, such as PCM MRI.^[@bibr37-0271678X19874643]^

One limitation of this study is the inclusion of a relatively homogenous and small study population of young males only, and the relatively high number of incomplete studies as a consequence of the complexity of the setup. Young males were expected to have larger vessels making arterial cannulation easier and more optimal for vessel related measurements,^[@bibr23-0271678X19874643]^ and were, based on our experiences from previous studies, expected to better comply with the stressful experimental setup compared to aged subjects. Including a population with a larger expected biological variability may potentially have improved method correlation in resting measurements. This limitation is compensated for by performing multiple paired measurements in different perfusion states using repeated tracer injection. The premature abortion of 3/14 studies due to arterial line clotting can be explained by a suboptimal wrist position because of physical limitations when using a PET/MRI scanner. This supports the perception that an alternative approach to ^15^O-H~2~O PET would be convenient, which is a justification for this study.

It has recently been suggested that the combined pharmacokinetic modelling of simultaneously acquired cerebellar rCBF by fixed PLD pASL MRI together with late phase ^[@bibr18-0271678X19874643]^F-florbetapir amyloid PET data could be a feasible strategy to substantially reduce the acquisition time from 90 to 30 min. This strategy would retain an accurate measure of the cortical binding potential free of the influence of blood flow.^[@bibr49-0271678X19874643]^ However, our finding of a significant systematic reduction of both cerebellar rCBF and relative reactivity in ASL ([Table 3](#table3-0271678X19874643){ref-type="table"} and [Figure 4(b)](#fig4-0271678X19874643){ref-type="fig"}) discourages its use as a reference region and for normalizing ASL MRI rCBF measurements in different perfusion states.^[@bibr50-0271678X19874643]^

Even though ^15^O-H~2~O PET and ASL employ the same tracer and thereby are very similar with regard to tracer distribution in tissue and diffusion through the vessel wall (Crone-Renkin effect)^[@bibr51-0271678X19874643]^ and the spatial resolutions were matched, there are still subtle differences between the two techniques which potentially can explain differences when comparing results from the two methods. The models employed for ^15^O-H~2~O PET and ASL MRI quantification share some similarities. Both models are two-compartment one-tissue models with arterial blood volume and assume a uniform arrival of the blood at a particular voxel, an instantaneous equilibrium in the compartments and a fast and complete extraction of water from the vascular space. Regarding the arterial input function, for the PET model it is measured directly in blood, while for ASL it is assumed indirectly based on the labelling technique and assumptions of labelling efficiency. The half-life of the tracer (124 s for ^15^O-H~2~O and ∼1.7 s for magnetically labelled water in a 3T MRI scanner) is accounted for in both models. The temporal resolution for two sequential whole-brain rCBF measurements using ASL MRI is 7.5 min using our setup, while it is 10 min for ^15^O-H~2~O PET to allow for sufficient tracer decay.

However, it is remarkable that despite many subtle, but nevertheless substantial differences between MRI and PET, very similar results between the two modalities have been obtained probably due to their relatively low impact in the final CBF calculation.

In conclusion, this study shows that this particular ASL MRI implementation and ^15^O-H~2~O PET rCBF measurements performed simultaneously across different perfusion states are highly correlated, but show poorer correlation within individual states, in particular in resting state measurements, and only moderate correlation in hemodynamic reactivity and with systematic differences in the regional distribution. The importance of these differences relies upon the specific context, e.g. how large errors are acceptable compared to the clinically or experimentally relevant change. In future work, this technique will be used on patients with symptomatic carotid occlusions to further investigate its robustness.
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[^2]: Note: All values are the average ± standard deviation. *n* indicates number of observations. The change is calculated as the difference between the average CBF in resting state and individual measurements in hyperventilation or after acetazolamide. Only subjects with measurements in at least two states contribute the calculation of CBF changes. No significant differences between the two techniques in any of the states or regions, or in the assessment of relative or absolute changes between states were found. ASL: arterial spin labeling; PET: ^15^O-H~2~O positron emission tomography; CBF: cerebral blood flow; WM: White matter; GM: Gray matter; Δ~abs~: absolute changes; Δ~rel~: relative changes. ^a^Inter and intrasubject variability is calculated as the respective standard deviations from a variance component model divided by the population mean.

[^3]: Note: Slope and R^2^ are derived from the two-level variance component model (see Statistics). Changes are calculated as absolute and relative change from the average of the two resting measurements to each subsequent measurement.

[^4]: HV: hyperventilation; Post-ACZ: post acetazolamide.

[^5]: Note: CBF in mL/100 g/min. Values are displayed as average CBF ± SD. ^a^Significant differences (*p* \< 0.05) between the two techniques. Subcortical GM = thalamus and basal ganglia
